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E-mail address: L.Shen@usyd.edu.au (L. Shen).To better understand the mechanical responses of ultrananocrystalline diamond (UNCD)
under various loading conditions, a numerical study is performed to investigate the size,
loading rate and temperature effects on the material properties of pure and nitrogen-doped
UNCD ﬁlms. Since the UNCD growth mechanism is not completely understood yet, a simple
procedure by combining kinetic Monte Carlo and molecular dynamics (MD) methods is
developed to form a polycrystalline UNCD block with an artiﬁcial grain boundary (GB).
By randomly inserting different numbers of nitrogen (N) atoms into the GB of the resulting
polycrystalline UNCD ﬁlms, N-doped UNCD ﬁlms can be formed. The responses of the sim-
ulated pure and N-doped UNCD ﬁlms with various grain sizes are then investigated by
applying displacement-controlled tensile loading under different rates and temperatures
in the MD simulations. The simulation results presented in this paper provide a better
understanding of the combined size, rate and thermal effects on the material responses
of pure and N-doped UNCD ﬁlms.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Nanoelectromechanical/microelectromechanical systems (NEMS/MEMS) devices are playing an increasingly important
role in modern engineering applications, which may involve material responses at different spatial and temporal scales
under various temperatures. Since the material properties are essentially size-, rate- and temperature-dependent, a thor-
ough study of these effects on the material responses is crucial not only in designing and fabricating NEMS/MEMS devices
but also in bridging different spatial and temporal scales under various temperatures within a uniﬁed framework for mul-
tiscale multi-physics simulations, which could guide future experimental work and design of new device architectures that
can better exploit the properties of new materials.
Owing to their outstanding mechanical, tribological, electronic transport, chemical and biocompatibility properties, the
ultrananocrystalline diamond (UNCD) ﬁlms grown by a microwave plasma chemical vapor deposition (CVD) method under
hydrogen-poor conditions have become the subject of intense research interest in recent years, as shown by representative
papers (Auciello et al., 2004; Birrell et al., 2002, 2003; Espinosa et al., 2003a,b; Gruen, 1999; Gruen et al., 1994, 1996; Stern-
berg et al., 2003; Zapol et al., 2001; among others). UNCD ﬁlms are superior in many ways to traditional nanocrystalline dia-
mond (NCD) ﬁlms and microcrystalline diamond (MCD) ﬁlms because they are hard, smooth, dense and pinhole free, have
very small or negligible residual stress depending on growth conditions, and exhibit the diamond sp3 bonding in the grains. All rights reserved.
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properties. UNCD can be conformally grown on a wide variety of materials and high-aspect-ratio structures (Auciello et al.,
2004), which is critical for NEMS/MEMS device applications. Since the deposited UNCD ﬁlms are extremely smooth, UNCD
could be the excellent candidate of future wear-resistant and protective coating for mechanical seal applications (Sumant
et al., 2005). In fact, UNCD coated mechanical pump seals have been recently introduced in the market, as can be found from
Advanced Diamond Technologies website. UNCD’s high mechanical strength, exceptional chemical inertness, and outstand-
ing thermal stability make UNCD well suited for moving mechanical assembly devices (Krauss et al., 2001). Recent research
by Bhattacharyya et al. (2001) has demonstrated that the conductivity of UNCD increases by as much as ﬁve orders of mag-
nitude (to 140X1 cm1) when nitrogen (N) is added to the plasma during growth. Moreover, the N-doped UNCD ﬁlms have
been considered for a variety of applications including MEMS/NEMS such as electrochemical electrodes, ﬁeld emission, het-
erostructures, and high-temperature stable ohmic contacts (Williams et al., 2005).
The characterization by Raman spectroscopy, transmission electron microscopy (Zhou et al., 1998), electron-energy-loss
spectroscopy (Birrell et al., 2002) and near-edge X-ray absorption ﬁne-structure (Gruen et al., 1996; Birrell et al., 2003) has
suggested that UNCD generally consists of phase-pure diamond grains with mixed sp2/sp3 carbon bonds at the grain bound-
aries (GBs). Hence, it is the speciﬁc crystallite size and nanostructure of the GBs in UNCD ﬁlms that distinguish them from
natural diamond, MCD and NCD ﬁlms in terms of physical properties. Further investigation by Birrell et al. (2003) on the
bonding structure of UNCD as a function of N-doping has shown that although the grains themselves remain pure diamond,
the overall grain boundary volume in UNCD is increased after N-doping. The physical properties of UNCD are thus modiﬁed
by N-doping.
The fracture strength of UNCD was measured by Espinosa et al. (2003a) using tensile testing of freestanding submicron
ﬁlms, and the data followed aWeibull distribution. Paci et al. (2005a,b, 2006) performed several theoretical investigations on
the mechanical properties of both pure and N-doped UNCD by using the MSINDO semiempirical self-consistent ﬁeld molec-
ular orbital program and density functional theory (DFT) calculations with Spanish initiative for electronic simulations with
thousands of atoms (SIESTA). The theoretical estimations of the fracture strengths of both pure and N-doped UNCD in these
studies are 30–40 times larger than those experimental values measured at micro-scale by Espinosa et al. (2003a). The large
difference between the theoretical and experimental values has been mainly attributed to the existence of defects in the
experimental samples by Paci et al. Shen and Chen (2007a) studied the grain size and loading rate effects on the mechanical
responses of pure and N-doped UNCD by using molecular dynamics (MD) simulations. The simulated UNCD strength de-
creases as the specimen size or the number density of doped N atoms within the GB increases. It seems that the effect of
specimen size may also contribute to the difference between the UNCD fracture strengths obtained by Paci et al.
(2005a,b, 2006) and Espinosa et al. (2003a).
Since the UNCD-based MEMS devices might be required to work under extreme loading conditions, it is essential to thor-
oughly understand the mechanical responses of pure and N-doped UNCD ﬁlms of different sizes under various loading rates
and temperatures. As can be found from the open literature, however, little research has been conducted to investigate the
combined effects of size, N-doping, loading rate and temperature on the mechanical properties of UNCD. With the use of a
simple simulation procedure proposed in the previous work (Shen and Chen, 2006, 2007a) the mechanical responses of pure
and N-doped polycrystalline UNCD blocks of various sizes are investigated under different uniaxial tensile loading rates and
temperatures in this study. It appears from the preliminary results that the proposed procedure might provide an effective
means to bridge different spatial and temporal scales in a uniﬁed multiscale modeling framework at different temperatures
for UNCD.
The remaining sections of the paper are arranged as follows. The formation of the N-doped UNCD ﬁlm from two pieces of
single crystal diamond ﬁlm is brieﬂy described in Section 2, which is followed by the MD simulation procedure of the result-
ing UNCD ﬁlm under tensile loading at different loading rates and temperatures. The simulation results are then discussed in
Section 3. Based on the previous study of the effects of size, rate and temperature on the material properties of single crystal
diamond, the fracture strength of UNCD as a function of loading rate, size and temperature is roughly estimated in Section 4.
The conclusions and future work are given in Section 5.
2. Simulation procedure
2.1. Formation of UNCD specimens
The fundamental growth mechanism of UNCD ﬁlms is not completed understood yet. It was initially believed that the
growth mechanism for UNCD ﬁlms from hydrogen poor plasmas should be much different from those in conventional
MCD growth regimes, with C2 playing a critical role in the nucleation and growth process (Gruen et al., 1994; Zhou et al.,
1998; Sternberg et al., 2003). Recently it has been proposed by Rabeau et al. (2004) that C2 does not appear to contribute
as the growth species in the formation of NCD, and by May et al. (2006) that the UNCD growth mechanism is similar to that
of MCD. So far, however, the UNCD ﬁlm growth mechanism is still unclear since the actual experimental data for verifying
the above-mentioned theories are not yet available. Due to the lack of thorough understanding of the UNCD growth mech-
anism and the complexity involved in the GB growth simulation, a simple procedure has been developed to create a UNCD
block with an artiﬁcial GB (Shen and Chen, 2006, 2007a).
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diamond (Birrell et al., 2003; Corrigan et al., 2002), the high-resolution transmission electron microscopy results suggest
that both grain size and GB width increase as the amount of nitrogen added during the CVD process increases (Birrell
et al., 2002). The width of GBs could increase from 0.2 to 2 nm as the nitrogen content in the plasma increases from 0%
to 20%.
In the previous work (Shen and Chen, 2007a), two pieces of single crystal diamond ﬁlm were employed for formation of
the GB between two grains of UNCD by using the kinetic Monte Carlo (KMC) method with their growth surfaces being
formed based on the randomness nature of the KMC method. The two diamond crystallites are then put together with
the two growth surfaces touching each other under certain level of uniaxial compression. As a result, a polycrystalline UNCD
block could be formed.
To create an N-doped UNCD block here, a pure polycrystalline UNCD block is ﬁrst formed with a representative GB
width, based on the experimental data. The number of C atoms within the chosen GB region will be counted and a deﬁned
number of N atoms are then randomly inserted into the chosen GB region to reach the expected N atom number density.
Fig. 1 shows the conﬁguration of the initially assembled N-doped UNCD block under uniaxial loading with WGB being the
chosen width of GB. The so assembled UNCD block consists of two parts as shown in Fig. 1. One part, the central un-
wrapped portion, is referred to as the active zone in which the atoms move according to the interactions among the neigh-
boring atoms; the other part, two end portions wrapped in boxes, is referred to as the boundary zone where the atoms are
assigned a prescribed velocity with the same magnitude but in the opposite direction at each end to simulate a displace-
ment-controlled tensile loading in the z-direction. The dimensions of the active zone in the x-, y- and z-directions are D, W
and L, respectively, while the thickness of each boundary zone is tP 1.25ao with ao being the lattice constant of diamond.
PBC is applied in both the x- and y-directions. The method employed to integrate the equations of motion is the 6-value
Gear predictor–corrector algorithm with corrector coefﬁcients for a second-order equation. For the purpose of simplicity, a
velocity scaling technique (Allen and Tildesley, 1990) is applied when maintaining a constant temperature is required dur-
ing the simulation.
MD studies require appropriate interatomic potentials that accurately reproduce the properties and behavior of the mate-
rials being simulated. In this study, the Tersoff potential (Tersoff, 1989) is used to model the interactions among carbon
atoms and an empirical potential model using the Tersoff functional form is employed to describe the interactions among
carbon and nitrogen atoms. The readers are referred to the reference (Shen and Chen, 2007a) for the detailed discussion
on modeling the C–N interaction.
In the beginning of MD simulation, the system temperature is gradually increased from 273 to 1773 K. By applying a con-
stant velocity along the z-direction to the atoms in the boundary zone with a strain rate of 2  109 s1, these two diamond
blocks are compressed towards each other until reaching a strain eo. Atomic bonds between two diamond surfaces are
quickly formed during this pre-compression process at the elevated temperature. After the system reaches its equilibrium
state, the temperature is gradually reduced to a speciﬁc temperature. As can be seen from Fig. 1, initially there would be
no or very few atomic bonds between the two surfaces in contact. With the optimization in the MD self-assembly process,
these two diamond crystallites will be ﬁrmly connected through an artiﬁcial GB. The resulting polycrystalline UNCD block
will then be subjected to a displacement-controlled uniaxial tensile loading to investigate its mechanical response under
various conditions. Note that the width and nanostructure of GB formed using the MD self-assembly process in this study
might be different from those experimentally measured due to the lack of a thorough understanding of the UNCD growth
mechanism. 
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Fig. 1. Conﬁguration of an initially assembled N-doped UNCD block under uniaxial loading (larger green dots represent nitrogen atoms). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)
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Stress calculation in the MD simulations has been the focus of many investigations over the past decades (Cheung and
Yip, 1991; Irving and Kirkwood, 1950; Zhou, 2003; among others). In this study, the formulations employed to calculate
atomic-level stresses are motivated by the previous work (Horstemeyer et al., 2001; Shen and Chen, 2004; Zhou, 2003).
At each atom, the local stress tensor is deﬁned to beTable 1
Initial a
Block n
1
2
3bi ¼ 
1
Xi
XNn
j>i
f ij  rij ð1Þwhere i refers to the atom considered and j refers to the neighboring atom, rij is the position vector between atoms i and j, Nn
is the number of neighboring atoms surrounding atom i,Xi is the control volume of atom i, and fij is the force vector on atom i
due to atom j. The global continuum stress tensor is then deﬁned as a volume average, namely,r ¼ 1
N
XN
i
bi ð2Þin which N* represents the total number of atoms in a representative volume of a continuum. To deal with large uniaxial
deformations, true strain, a nonlinear strain measure that is dependent upon the current length of the specimen, is used
in this study, namely,e ¼ lnðL=LoÞ ð3Þ
with Lo and L being the original and deformed lengths of the specimen, respectively.
3. Simulation results
3.1. Pure UNCD under tension
Three polycrystalline UNCD blocks with different initial active zone sizes, as listed in Table 1, are formed using the pro-
cedure outlined in Section 2. It has been demonstrated that the tensile strength of the simulated polycrystalline UNCD block
increases when the initial compressive strain eo increases before the strength reaches its maximum value. Further increase of
the initial compressive strain eo will lead to a lower tensile strength (Shen and Chen, 2006, 2007a). Previous MD simulations
(Shen and Chen, 2007a) have shown that the critical initial compressive strains for UNCD Blocks 1–3 are 0.0921, 0.0661 and
0.0834, respectively. Therefore, in the following MD simulations, UNCD Blocks 1–3 are ﬁrst compressed to their respective
critical strain level, and uniaxial tension is then applied with different loading rates and temperatures until the ﬁnal failure of
the specimen.
Fig. 2 shows the stress–strain curves for UNCD Blocks 1–3 under loading rate of 2  109 s1 at temperature T = 0 C. The
stress–strain curves of UNCD Block 1 at temperature T = 0 C under different loading rates are presented in Fig. 3. It appears
from Figs. 2 and 3 that the initial elastic modulus is almost size- and rate-independent, while the tensile strength decreases
with the block size and increases with the strain rate at T = 0 C. Similar size and rate effects have been found on the mechan-
ical properties of single crystalline diamond (Shen and Chen, 2006, 2007b, in press). Fig. 4 demonstrates the stress–strain
curves of Block 1 under loading rates of 2  109 and 2  108 s1, and Block 3 under loading rates of 2  109 and
2  1010 s1 at different temperatures. As can be found from these ﬁgures, the initial elastic modulus and tensile strength
of the pure UNCD decrease with increasing temperature regardless of the grain size and loading rate. Similar to the previous
ﬁndings on single crystal diamond (Shen and Chen, in press), both the initial elastic modulus and strength of UNCD decrease
with increasing temperature.
The simulated tensile strengths of UNCD Blocks 1–3 under various loading rates and temperatures are given in Table 2.
Due to the limitation of current computing capability, simulations with larger specimen sizes and lower strain rates are not
performed. As can be found from Table 2, the tensile strength of the simulated UNCD decreases with increasing temperature,
and increases with the increase of the loading rate. Although the tensile strength of UNCD block does decrease with the in-
crease of block size in most cases, there are some cases where the strength of Block 3 is larger than that of Block 2 under the
same loading conditions. Since each UNCD block is formed with a GB which is largely affected by the randomness of the ﬁlmctive zone size of the simulated polycrystalline UNCD blocks.
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Fig. 2. Stress–strain curves of UNCD blocks under tensile loading with rate of 2  109 s1 and temperature T = 0 C.
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Fig. 3. Stress–strain curves of UNCD Block 1 under different loading rates at temperature T = 0 C.
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structure of the growth surfaces which determine the GB structure and eventually the strength of UNCD ﬁlm.
The failure patterns of UNCD Block 1 under tensile loading rate of 2  109 s1 at different temperatures are presented in
Fig. 5. It appears that the failure mainly occurs at the GB at all temperatures, which is different from the fact that failure
could occur anywhere within a single crystalline diamond under tension (Shen and Chen, 2006, in press). It seems that
the UNCD strength is mainly determined by the nanostructure of GBs. As can be found in Fig. 5, the size of failure evolution
zone increases when the temperature increases from 0 C to 1500 C. It appears that there is a transition from brittle to duc-
tile failure in UNCD ﬁlms as the temperature increases. Fig. 6 shows the failure patterns of UNCD Block 1 under different
tensile loading rates at T = 0 C. As can be seen from Fig. 6, the failure pattern of UNCD is not sensitive to the loading rate.
3.2. N-doped UNCD under tension
To study the effect of N-doping on the mechanical responses of the simulated UNCD ﬁlm under tension, different numbers
of N atoms are randomly inserted into the GBs of UNCD Blocks 1 and 3. For the purpose of comparison, the number of doped
N atoms is chosen so that for a given block size, three cases with the number of N atoms versus the number of C atoms within
the GB region being 1:12, 1:6, and 1:3, respectively, are investigated. In this study, a representative GB widthWGB = 0.357 nm
is considered and the numbers of C atoms within the GB regions of Block 1 and Block 3 are 96 and 193, respectively.
Recent experiments performed by some researchers (not published yet) have revealed by optical emission spectroscopy
that nitrogen would come out of N-doped UNCD at high temperatures (P600 C). At very high temperature (>1000 C), the
GBs are mostly free of nitrogen atoms. However, it is still very challenging to quantitatively establish the relationship be-
tween the amount of nitrogen atoms in the GBs and the temperature at this stage. Therefore, only the strengths of N-doped
UNCD at temperature below 500 C are calculated in this study. Fig. 7(a)–(c) demonstrate the stress–strain curves of UNCD
Block 1 doped with 8, 16, and 32 N atoms, respectively, under different temperatures and tensile loading of 2  109 s1. The
stress–strain curves of UNCD Block 3 doped with 16 N atoms under different temperatures with a tensile loading of
2  109 s1 are shown in Fig. 7(d). As can be seen from these ﬁgures both the tensile strength and the initial elastic modulus
of N-doped UNCD decrease with the increase of temperature regardless of the grain size and the number of doped N atoms.
To investigate the effect of strain rate on the mechanical responses of N-doped UNCD at elevated temperatures, MD sim-
ulations of N-doped Block 1 under tensile loading rates of 2.0  1010, 2.0  109, and 2.0  108 s1 are performed at T = 500 C.
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Fig. 4. Stress–strain curves for UNCD Blocks under different temperatures and tensile loading rates. (a) Block 1 under rate of 2  109 s1. (b) Block 1 under
rate of 2  108 s1. (c) Block 3 under rate of 2  109 s1. (d) Block 3 under rate of 2  1010 s1.
Table 2
Tensile strength (GPa) of pure UNCD blocks under various temperatures and rates.
Tensile strength (GPa) Rate (s1) Temperature (C)
0 500 1000 1500
Block 1 2  1010 106.2 97.3 82.9 76.7
2  109 106.8 93.0 74.8 58.3
2  108 101.7 87.8 60.9 47.1
4  107 101.3 – – –
2  107 96.9 – – –
Block 2 2  1010 92.6 82.0 78.6 68.9
2  109 95.3 78.4 63.4 57.0
2  108 87.8 – – –
Block 3 2  1010 93.8 84.9 81.2 73.5
2  109 92.2 81.0 69.9 58.1
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As can be seen from these ﬁgures, the strength of N-doped UNCD increases with the increase of strain rate, while the initial
elastic modulus is almost rate-independent regardless of the number of N atoms doped.
Tables 3 and 4 report the simulated tensile strengths for Blocks 1 and 3, respectively, doped with different numbers of N
atoms under various tensile loading rates and temperatures. It appears from these two tables that the tensile strength of
UNCD generally decreases as either the number of doped N atoms or the temperature increases, and the strength increases
with the increase of loading rate.
The failure patterns of UNCD Block 1 doped with 8 N atoms under different tensile loading rates at T = 0 C are presented
in Fig. 11. It appears from the ﬁgure that the size of the failure evolution zone increases, suggesting that the ductility
increases as the loading rate decreases. This is different from what is found from the pure UNCD block under tension since
Fig. 5. Failure patterns (view along the [110] direction) of UNCD Block 1 under tensile loading rate of 2  109 s1 and different temperatures: (a) T = 0 C,
(b) T = 1000 C, and (c) T = 1500 C.
Fig. 6. Failure pattern (view along [110] direction) of UNCD Block 1 under different tensile loading rates and T = 0 C. (a) _e ¼ 2 1010 s1 and (b)
_e ¼ 2 107 s1.
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are sensitive to the loading rate and tend to break easily under a low loading rate.
Fig. 12 shows the failure patterns of UNCD Block 1 doped with 8 N atoms under tensile loading rate of 2.0  109 s1 at
different temperatures. The failure patterns of UNCD Block 1 doped with different numbers of N atoms under tensile loading
rate of 2.0  109 s1 and T = 0 C are demonstrated in Fig. 13. As can be seen from the ﬁgure, the number of doped N atoms
does not affect the failure pattern signiﬁcantly.
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Fig. 8. Tensile stress–strain curve of UNCD Block 1 doped with 8 N atoms under different loading rates at T = 500 C.
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Based on the available experimental and computational results, an attempt has beenmade to formulate a hyper-surface in
spatial, temporal and thermal domains to predict the combined size, rate and temperature effects on thematerial properties of
pristinediamond (ShenandChen,in press; ShenandChen, 2008). In theproposedhyper-surface, thepower scaling law (Bazant,
2002) which has been generally used to predict the size-dependent strength of materials has been adopted to model the size
effect on the single crystal diamond (SCD) strength. A simple power-law type model motivated by the work of Schwaiger
et al. (2003) is then used to describe the strain rate effect on the strength of SCD. To describe the temperature-dependent
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Fig. 9. Tensile stress–strain curve of UNCD Block 1 doped with 16 N atoms under different loading rates at T = 500 C.
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Table 3
Tensile strength (GPa) of N-doped UNCD Block 1 under various conditions.
T (C) Rate (s1) Number of N atoms:number of C atoms within the GB
0 8:96 16:96 32:96
0 2  1010 106.2 108.2 107.6 102.1
2  109 106.8 105.6 103.0 99.9
2  108 101.7 98.4 94.2 96.9
500 2  1010 97.3 97.0 93.1 91.0
2  109 93.0 86.6 85.6 84.2
2  108 86.5 82.3 77.0 71.3
1000 2  109 74.8
1500 2  109 58.3
Table 4
Tensile strength (GPa) of N-doped UNCD Block 3 under different temperatures and the loading rate of 2  109 s1.
T (C) Number of N atoms: Number of C atoms within the GB
0 16:193 32:193 64:193
0 92.2 93.0 91.2 84.3
500 81.0 80.4 76.0 75.3
1000 70.0
1500 58.1
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by assuming that the temperature effect on material strength is rate- and size-dependent, the fracture strength of UNCD as a
function of size, rate and temperature could be roughly estimated by using the available MD simulation results.
Fig. 11. Failure patterns of UNCD Block 1 doped with 8 N atoms under different tensile loading rates at T = 0 C: (a) 2  1010 s1, (b) 2  109 s1, and (c)
2  108 s1.
Fig. 12. Failure patterns of UNCD Block 1 doped with 8 N atoms under tensile loading rate of 2  109 s1 at different temperatures: (a) T = 0 C and (b)
T = 500 C.
820 L. Shen, Z. Chen / International Journal of Solids and Structures 46 (2009) 811–823Based on the procedure of formulating a hyper-surface in spatial, temporal and thermal domains to predict the strength of
pristine diamond (Shen and Chen, in press), the fracture strength of UNCD as a function of loading rate _e (in s1), size D (in m)
and temperature T (in C) could be roughly expressed bylogrð _e;D; TÞ ¼ log roðD; T0Þ
_e
_eoðDÞ
 q 
a0  ðk1 logDþ b1Þ  ðk2 log _eþ b2Þ  T  ToTmax  To
 b
ð4Þ
Fig. 13. Failure patterns of UNCD Block 1 doped with different numbers of N atoms under tensile loading rate of 2  109 s1 at T = 0 C. (a) 8 N atoms, (b) 16
N atoms, and (c) 32 N atoms.
L. Shen, Z. Chen / International Journal of Solids and Structures 46 (2009) 811–823 821where ro(D,To) (in GPa) is the quasi-static tensile strength of UNCD with size D at temperature To = 0 C, and _eoðDÞ is the size-
dependent reference strain rate, Tmax = 1500 C is the maximum temperature for the proposed model, q, b, a0, k1, k2, b1 and b2
are parameters to be determined. By analyzing the fracture strengths of pure UNCD from Table 2 using the procedure dis-
cussed in Shen and Chen (in press), the parameters have been obtained with a0 = 0.2232, k1 = 0.9288, b1 = 6.4915,
k2 = 0.4247, b2 = 4.950, q = 0.015 and b = 0.95.
In Eq. (4), ro(D,To) is calculated using the following equation:logr0ðD; T0Þ ¼ logrL þ 12 1 sin p
logD logDS
logDL  logDS 
1
2
   
ðlogrS  logrLÞ for DS < D < DL ð5Þwith rS = 96.9 GPa being the ultimate strength for D 6 DS = 5.53 nm based on this study, and rL = 3.92 GPa being the size-
independent macro-scale strength for DP DL = 0.5 mm based on the experimental data for diamond (Field and Pickles,
1996).
The reference strain rate _eoðDÞ is size-dependent and takes the form of
log _eoðDÞ  log _eoL
log _eoS  log _eoL ¼
1
2
1 sin p logD logDS
logDL  logDS 
1
2
   
for DS < D < DL ð6Þwith _eo ¼ _eoL ¼ 1 105 s1 for DP DL and _eo ¼ _eoS ¼ 2 107 s1 for D 6 DS (Shen and Chen, in press).
Using Eq. (4), it is possible to estimate the fracture strength of pure UNCD block of different sizes under different loading
rates and temperatures. For example, the fracture strength of pure UNCD specimen with 2 lm size under loading rate of
1  105 s1 and temperature T = 0 C is estimated to be 18.0 GPa, which is about 4 times larger than the experimentally
measured strength of 4–5 GPa for micro-scale UNCD specimens (Espinosa et al., 2003a). It is believed that the difference be-
tween the theoretically estimated and experimentally measured UNCD strengths is mainly due to the effect of defects in real
UNCD specimens. Although the preliminary results illustrate the potential of the proposed procedure in linking different spa-
tial and temporal scales in a uniﬁed multi-scale modeling framework, there are still several critical issues to be addressed
before it could be applied to general cases.
5. Conclusions and future work
In this study, a simple procedure is applied to form a polycrystalline UNCD block with an artiﬁcial grain boundary. The
mechanical properties of the resulting UNCD ﬁlm are then investigated by applying displacement-controlled tensile loading
822 L. Shen, Z. Chen / International Journal of Solids and Structures 46 (2009) 811–823in the MD simulation. It appears that the initial elastic modulus of UNCD block is size- and rate-insensitive, while it de-
creases as the temperature increases. The maximum strength of pure UNCD increases as the specimen size decreases or
as the strain rate increases, but it decreases as the temperature increases. From the failure pattern of UNCD block under ten-
sion, it appears that there is a transition from brittle to ductile failure as the temperature increases. However, the failure
pattern is not sensitive to the loading rate.
By randomly inserting different numbers of N atoms into the GB of the polycrystalline UNCD ﬁlms, N-doped UNCD ﬁlms
can be formed. The tensile strength of N-doped UNCD decreases as the temperature or the number of doped N atoms in-
creases, although it increases as the loading rate increases. The ductility of N-doped UNCD increases as the loading rate de-
creases which is different from the rate-insensitivity of pure UNCD. On the other hand, the number of doped N atoms does
not affect the failure pattern signiﬁcantly.
Based on the previous study of the effects of size, rate and temperature on the material properties of single crystal dia-
mond, the fracture strength of pure UNCD as a function of loading rate, size and temperature is estimated. Due to the effect of
defects in real UNCD specimens, however, the estimated UNCD strength is about 4 times larger than the experimentally
measured strength of microscale UNCD specimens.
Due to the simple procedure used to form both pure and N-doped polycrystalline UNCD blocks, the artiﬁcial GB nano-
structure developed in the MD self-assembly process might be different from those experimentally measured. An integrated
analytical, experimental and numerical effort is therefore required to further improve the simulation procedure for UNCD
growth and to advance our knowledge in the mechanical properties of pure and N-doped UNCD.
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